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ABSTRACT

l’his paper dcscribcs  a (ypc of cosmic ray dckz[or suitable for the construction of a small, low power space-based imlrumcnt
to dctccl lhc energy and isotope of cncrgctic  nuclei, such as those produced by solar flares. The dclcdor  is similar to previous
types of silicon PIN dckztors where the fully  dcplclcd  body of the wafer eompriscs  intrinsic region of the PIN slructurc. The
novel aspect of this dctcc(or is that the onc surface is divided into a tlt’o-dill]cl)sio]~al  array of pixels, and that the collected holes
arc divided bctwccn  a row and a column collector in each pixel, yielding both dimensions of position information from this side
of the dctcdor. in a conventional PIN dctcdor,  both sides arc divided into stripes, and each side provides onc dimensional
information. A single large area collector on the opposite side of this ncw dctcetor is used to dctcminc the energy of the incident
nLIclcus. This schcmc requires only a single precision pulse-height ampliticr  connected to the broad area contact, rather than onc
for each s[rip, as in the conventional schcmc,  resulting in a significant reduction in the mass, power and complexity of the
readout electronics. The design, fabrication, and operation of such a dcteetor is discussed, Initial parliclc tests show a prototype to
bc functional. The projcctcd power saving “of using such a detector is prcscutcd.

1. INTRODUC1’ION

Mcasurcn~cnts  of the clcmcntal  and isotopic composition of cncrgctic  heavy nuclei in space provide crucial information for
urrdcrslanding  the origin and evolution of several satnplcs of matter that can not bc easily  invcsligalcd  by other means, including
the solar corona, the nearby intcrslcllar  mcdiurn,  and galaclic cosmic rays sources (see, for example, Waddington  ]; and Joncs2).
in addition such mcasurcmcnts  arc crilical  to studies of cncrgct  ic particle accclcra[ion  and t ransport. For example, intense fluxes
of cncrgctic  nuclei arc frcqucn{ly il~jcctcd  into  intcrplanctaty  space in association with impulsive solar  flares, coronal mass
injections (CMES),  and intcrplanc[ary  shocks. In addition, it is now generally believed that solar wind “pickup” and other ions
arc aeeclcratcd to cncrgics  greater than 1 GcV at the solar wind termination shock. Planetary magnctosphcrcs, including the
Earth, Jupiter, and Saturn, also accclcratc  particles 10 high cncrgics and then store thcrn for periods ranging up to years.

Typically, the composition of these cncrgctic  particle populations arc dominated by H, Hc, and perhaps electrons, with
heavier nuclei making up only a small  fraction of the ions at a given energy/nuclccm, For example, in large solar energetic
particle (SEP) events the sum of all nuclei from C to Ni (Z=6 to Z=28) typically cmstitutc  approximatcl  10-3 of the ion

/0population with cncrgics  greater than 10 McV/nut, with individual isoto~s accounting for anywhere from 10- to several times
10-4 of the total, Similarly, in the Earth’s magnctosphcrc  7>2 nuclei appear to account for only about 10-5 of ions with >10
McV/nuc.  As a result, mcasurcmcnts  of these rare heavy nuclei in space typically require inslrumcntalion  eapablc of operation in
a hostile radialion  environment where the flux of H, Hc, and cleetrons cxeccds that of the particles of interest by many orders of
magnitude.

Onc proven tcchniquc  for cncrgctic  particle spectroscopy in space employs a “telescope” comprised of a stack of silicon solid
state detectors (wafers of silicon typically -10 crn2 in area and 0.1 to 1 mm in thickness). Fig. 1 shows an example of such a
tclcseopc  that is planned for flight on the Advanecd Composition Explorer in 1997.3 Energetic nuclei that enter the aperture of
this tclcscopc  within an appropriate energy range will slow down and stop, depositing energy in two or rnorc of the detectors. By
combining the energy loss mcasurcmcnts  from these dctcclors  it is possible to dctcrminc nuclear charge, mass, and kinetic Cncrgy
of incidcnl  nuclei over the clcmcnt range from }Ic to Ni (Z=2 to Z=28), Fig, 2, which inc]uctcs  data obtained at an accelerator
with an earlier instnuncnt  of similar design, shows an example of how this tcchniquc  can be used to ntcasurc both clcmcnlal  and
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Fig. 1: Scllcn~atic  illllslration  ofo]~cof tuotelcscoWst  l~atm]t~prisct  hcSolarI  soto~S~tron~ctcr(  SIS)tl~at
will bclaunchcdon  ACE in 1997. Alldc[cc(ors arc silicon solid s[atedcviccs;  the individual wafers range in
thickness  fron~60n~icronsto 1 mm. Ml ai~d M2arct\\od  il]lcnsio~~als  ilicons tripdctwlorstl~at  mcasurcboth
position andcncrgy loss. Tlto  T8arc all IOcmindiatnc(cr.
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isotopic composition. Note that it requires abou( an order of magnitude bctlcr  resolution to resolve isotopes as il does to resolve
Clcmcnts.

la space, where par(iclc populations arc typically isotropic, i[ is also ncccssary  to measure the trajectory of incidcn(  particles
to obtain rcsolu[ion  suftlcicat  to resolve heavy isotopes incident over a range of angles. To provide this trajectory information,
silicon strip detectors arc typically used as the first clcmcnts  of the telescope (c.g,, Fig, 1). In optimizing the design of an
CliCrgCtiC  parliclc  spcctromctcr  of this ty~ thcr’c arc typically scvcra] (often conflicting) rcquircmcnts  on the design of these
Position-sensitive-detectors (PSDS):

1) llwallsc tl~cobscn'cd  cl~crgy s~mlraof  j>arliclcs it] SEPs, i[\tc~la[~ctary sl~ocks, al]dplal]cta~  ]llagllctospllcrcs  t}Tically
dccrcasc  ral~idly  \\fitl~illcrcasiItg  ct~crgy, tl~crcis  al~ad\'al\tagc  to PSDstllat  canscrvc as both trajectory  andcncrgy nlcasuring
dcviccs, in ordcrto  minimize the “thrcsho!d” cncrgyofthc  instrument and thereby maxin]iz.c  thcyicld.  Two-dimensional
dcviccs  (that measure both x and y coordinates) also have an advantage.

2) As discussed above, s[udics  of rare spccics typically require operation in a hostile radiation cnvironrncnt where as many as
10510 10610wcncrgy(>l McV)protons  n~ayhit  thcfront  dctcctorpcrswond,  lasuchcascs,  accidental coincidences bctwecn
low energy protons and the heavy clcrncnts of intcrcsl  may lead to both incorrect trajcclorics  and/or incorrect energy
n]casurcmcnts.  It istl]crcforc  ncccssa~to  track I]~ultiplc patiiclcs  it~tl~c  PSDstoprcscn'c isotoWrcsolutio1l.

3) TO maximize the yield of rare species the area-solid aaglc product of the tclcscopc should be as large as possible.

4) Finally, bccausc  space missions almost  always place a prcmiurn  on rcsourccs, the weight and power requirements of the
clcc(ronics thal instrument the PSDS should be n~inimimd.

Fig. 2: On-line display of data obtained at the LBI. Bcvalac showing delta-E (rncasurcd in a 500 micron thick
dctcctor)  vs. thcrcsidual  cncrgy (E’) rncasurcd  inafollowingd  ctcclor. A bcm of -300 McV/nuc  40Anvas
incident on a target that fragmented many of the beam parliclcs  into lighter nuclei. Both elemental and isotopic
resolution arc cvidcn( in this display, in which each dot rcprcscnls  an individual s[opping  parliclc.

Past hS(rUlllCn(S  of this type have typically employed onc of two approaches to instrument the PSDS. If each strip k
individually inshmmcntcd  10 provide both position and cacrgy loss information (e.g., Althousc4),  there arc significant penalties in
weight, pwcr,  and clcdronic  complexity if the size of the dclcclors  is increased to the point where many hundreds of strips are
required. In a second approach that minimizes clccironic  conlplcxity, the strips  arc atlachcd  to a resistive divider (e.g.,
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Lanlports).  I lowcvcr, this approach dots not resolve mult  ipk parliclc  trajcc[orics  and is thcrcforc subject to chance coincidence
Cffccls.

la a collaboraiivc  cfTort involving Callcch  and JPL, wc have been developing a ncw lntcrdigitated  Pixel PIN Dc(cctor  (lPPD)
in which two-dimensional position information is derived from a single side of the detector, while a rccisc mcasurcmcnt  of the

(?energy deposition is derived from the opposite side (for a more detailed description, scc Cook c1 al. ). Thus, only a single high
precision pulse height analysis (PHA) chain is required to read out the energy signal, while the individual rows and columns on
Ihc pixclatcd  side can be read out will)  an]plificr-discrinliaators  iny~lcrncntul  in low-power, highdcnsily,  cuslom VLSI. This
approach can provide significant savings in mass, power, and ovclall systcm conq~lcxity.

2. ‘IXCII  NICAI , APPROAC1l

Fig. 3 illustrates the approach by which position information is derived from the IPPD. Each pixel is divided into two sub-
pixcls,  onc associated with the “row” coordinate, and the other wi[h the “column” coordinate. The subpixels  form a pair of
intcrdigilawd contacts which should have a spacing smaller than the lateral spread of the clcclron-l~,olc plasma gcncratcd  by a
typical parliclc  of interest to ensure adequate charge sharing bmvccn the row and column subpixcl.

The opcra(ion  of each subpixel  in this array is idcnlical  to that of conventional fully dcplckd  PIN detectors, as illustrated in
Fig 4. la a given row all row subpixcls  arc attached to a row \virc that is brought out to the edge of the array. The column
subpixc]s  arc conncc[cd  in a similar manner, A parliclc  impact within any givc~~ pixel will deposit charge on both subpixcls,
which can bc dctcctcd  on the appropriak  row and column wires, Equal sharing of the charge bchvccrr the subpixcls  is not
rcqui red. ‘Mc detector readout clcc[ronics  musl discriminate which row and column have “fired”, yielding the impact
coordinates. The electronics can be dcsi.gned to record multiple posi(ions  if two or more particles strike the detector in
coincidence.

The opposite side of the dctcclor  collects all of the dcposimd  charge iudcpcndcnt  of the position of Ihc particle impact.
Precision pulse-hcighl analysis of this elcclrodc  will accurately dc[crmine the total energy loss of lhe particle. To rccovcr
accur’a[c individual pulse heights of multiple particle evcnis,  an eventual detector might have several scgrncnts  on this back
clcctrodc.

~ly column ~1
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Fig. 3: Top view of a conceptual 3 x 3 IPPD array illustrating how two dimensional information is derived.
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3, DESIGN CONSIDERAIIONS

‘1’hc ptoto(ypc  dcviccs  now under dcvclopmcnt  hmc a size of -1 cn]2, including a 10 x 10 array of square pixels, sufllcicn(  to
test the IPPD Conccpl. Evcntuallv  dc[cctor  diamc(crs  of 5 to 10 cm arc desirable. Pixel sizes of 0.5 to 1 mm arc adequate for
many applications, although smaller pixel siz.cs arc possible. ‘lThe  prototype device.s arc 250 microns thick; potential applications

L might involve ihickncsscs  ranging from -50 microns to -1 mm,

The width of the intcrdigitatcd  fingers of the pixel must bc small enough to ensure that the charge signal from a vertically
incident nuc]cus  is adequately shared bctivccn  rows and columns. A simple analysis that takes into account carrier diffusion
suggests that a spacing of-50 microns should bc adequate for a 250 micron [hick dckclor,6  Prototypes arc being fabricakd  with
finger J)itchcs of 20, 40, and 8(I microns in order to assess the charge sharing cflicicncy. Fig. 5 shows an example of the
intcrdigitatcd  tingcr pattern for a single unit CCII of the array. Such a cdl contains the quarters of four pixels. The full prototype
array is shown in Fig. 6. Additional design considerations arc discussed in Cook. ]

4. DETECTOR FABRICATION AND TESTING

The prototype detectors have been fabricated using a cwIon~ process at the MicroDcvicm  laboratory at JPL. l’hc starling
malcrial  is a 2-inch wafer 250-nlicrons  thick made of 8-10 kf)-cm rcsis[ivity  silicon. A 1-micron thick polysilicm  layer that is
heavily doped with phosphorous is deposited on the unpolished side of the wafer, and this is capped with a 1-micron thick vapor
deposited 10JY tcmpcraturc  oxide (LTO). The doped polysilicon  serves two purposes. First, it serves to dope the monoc]ystallinc
silicon beneath it to form the n-layer of the PIN structure, and to allow contact to this layer. Second, the combination of grain
boundaries, defects, and phosphorous cony>lcxcs  serve as getters to trap impurities that might otherwise bc introduced into the
bulk of the wafer during high tcnqm-aturc  ptoccssing.  This gcttcring  action prcscrvcs  the high rcsis[ivity  of the intrinsic part of
the dctcclor.  The polysilicon  Iaycr and cap \vcrc deposited by ERL Microlabs  of the University of California at Berkeley, using a
process dcvclopcd by Steve Holland of the 1.awrcncc-Bcrkclcy  1.,aboralory.7

A 0.5-nlicron  thick steam oxide is grown on the polished side at 1000 ‘C, and is pat[crncd by photolithography using
buffered oxide clchant  (130E)  into the intcrdigitatcd  finger pa[tcrn.  After the photorcsis{  is removed, the sample is in~plant&t  with
boron at a dose of 3X10]  4 cn~”2 and an energy of 35 kcV, using the steam oxide as a mask. After imp]ant  the steam oxide is
removed in 130E. A photorcsist  Iaycr is used on the back to prcs&c  the LTO capping the polysil  icon for both BOE ctchcs.  The
implant is activated al 900 ‘C for 1 hour. An oxygen ambient is used for 20 minutes of this anneal in order to form a 400 ~

oxide. Opcni ngs arc made in the oxide using photolithography with BOE, First metal (aluminum) is deposited and pat (crncd,
then a 0.5-n~icron  silicon dioxide dielectric is dcposilcd by ckctron cyclo(ron rcsonancc  chemical vapor deposition, Openings in
the dielectric arc made, and the second recta] (also ahminum)  is deposited and patterned. The LTO is removed from the backside
using buffered HF, and almi num backmctal is deposited to contact the n-type polysilicon.  Lastly the wafer is sawed into
individual die, which arc then packaged and wire bonded.

All of the arrays presently have been of 1 mm sqllarc  pipcls arrangd  in a 10x]O array, with the first  and tenth pixels being
ha]f-pixels, making the total prototype array area approsirna(cly  1 square ccntimctcr,  A guard-ring surrounds the array. A total of
9 arrays can bc made out of a 2-inch wafer. Presently, the mask layout  includes two copies of the arrays for each of the pixel with
lhc 20 and 80-n~icron  finger pitch,  three copies of the army with the 40-n}icron  finger  pitch,  and tfvo copies of a tcs( array that
contains various test structures, including broad area detectors and capacitors.
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Fiz 4: Schcmtic  cross section of an IPPD i)ixcl. The ~assagc  of a charged particle leads to hole collection at“.

the intcrdigitakd  row and column clccmd& (p-doped;  and electron collection at the n-doped contact at the
opposite si~c of the dcvicc.

Fig. 5: Intcrdigitated  row and column  pat~crn  within a single 1 mm x 1 mm unit CC1l in which  the ekctrodc
pi(ch  is 40 microns, A unit ccl] contains the qumcrs  of four pixels.
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Fig. 6: A 10X1O IPPD array including a guard ring.
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The dctcdors  have been tcstti  electrically, including f~lnclionality  ICSIS  and a c]larac[criza[ion  of the dark current, Typically
al] of the row and co]umn 1 i ncs show the cxpcdc.d  diode behavior, with rcsp@ tO the back contact. c)ccasionally,  some column
and row contacts arc shorted through metal bridges bctwccn fingers, but more than 70?40  of the arrays arc fully  functional. ‘IIIc
dark current of the entire array (with all rows and columns conncckxt togc[hcr),  and the dark current COIICCOXI  by the guard ring
as a fhnction  of app]icd  bias is shown for an array with  !hc 40-n~icron finger pitch  in Fig. 7. The guard current cxhibi[s a soft
breakdown at about  -20 V, and incrcascs  to -100 pA by -23 V. The compliance on the Icst SC( up was limited to 100 PA to
prcvcn(  damage to the array. The total array current is Icss than 120 nA OU1 to beyond -45 V, with a breakdown at around -48 V.
][ requires approximately -100 V tO mmplctcly  dcplctc  the wafer. The cllrrcnt  on thc guard apperrrs  to bc coming from the
periphery of the die, possibly from the sawed edges. The breakdown for the array may bc related to a punch through from the
array to thc &lard, since the guard vol[agc is Iimitcd by the cwupliancc  linlit. TIJC source of the peripheral current is under
investigation, and ncw arrays arc being fabricated thal include changes in order to climina(c it.

Energetic particle tcs[ing of the prototype IPPD dc[cctors is only in its initial s!agcs.  However, tests with 5.5 McVAn~-241
alpha particles have demonstrated that the dcviccs  can successfully measure both particle energy and 2din~cnsional  position.
With the alpha-scmrcc  positioned -1 Cm above the dcvicc  a rcsidllal  energy of -S McV is deposited in the detector, With 40
micron finger pitch  it was found that reliable coincidences bctwccn  individual row and column wires were obtai ncd with the row
and cohmm discriminators set at -1/8 of the total deposited energy. As cxpcctcd,  the coincidence rate dccrcascd when the
discriminator Icvc]s  were raised; with both row and colunm discriminators set above 50!/o of the alpha particle energy
coi ncidcnces  were no Iongcr observed. A wide range of further tcsls arc planned to dctcrminc  the eftlcicncy and resolution of the
dcvirm,  and to optimize their design.
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Fig, 7: The dark current of the entire array (with all rows and columns corumlcd  together) and of the guard
ring surrounding the array, as a function of applied bias, for an array with a 40-n~icron  finger pitch. It requires
approximately -100 V to fully dcplctc  the detector. The soft breakdown of the guard and the subsequent punch
through from the array 10 the guard prevents this array from being taken beyond an applied bias of -SO V.
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5. DETECTOR REAI)OUT  ELECTRONICS

Rcadou(  of the detector array will bc performed using custonl VLSI circuits now under dcvclopmcnt  for use in the S1S
instrumcn(  to be flown on ACE, Each row and column will bc pl]lsc-height analyml  with an indcpmdcn[  linear chain consisting
of a low-noise charge sensitive prcamp, gatcd  integrator, sample and hold, and a 12-bit Wilkinson-type ADC.8 A single
integrated circuit will contain 16 pulse-height analysis chains, each with an externally adjus[ab]c  discriminator, with each chain
consuming only -S n~W. The energy signal from IIIC other side of (1)c ctckclor  will bc pulse height analyxcd  with a standard
circuit consuming --40 n~W. Thus, a typical dc[cctor for space flight applications, having SO rows and 50 columns, could bc
instrumented with a small  number of intcgralcd  circuils consuming only --0.5 watt.

These chips arc being fabricakd in the rad-hard 1.2 micron CMOS process of the Uni[cd Tcchnologics  Microclcctronics
Center (UTMC),  following cxlcnsivc  prototyping (hrough MOSIS.

As an example of a practical application of the IPPD, wc consider the S1S insmumcnl  under dcvcloprncnt  for ACE (SW
Fig. 1). S1S has two tclcscopcs,  with a trajcctoy  sys[cn~  Ihat contains a lotal of four PSDS, each having 64 strips on both sides of
the dcviccs,  for a total of S 12 individually anolymd strips. If these 512 strips were ulsc-hcighl  analyzed using custom

!hybridized circuits such as those in the MAST instrument launched on SAMPEX in 1992, the total power associated with the
readout of these dcviccs  would bc 512 strips x 110 n}W/ADC chain = 56 W, a prohibitive amount. If instrurncntcd using the
custom VLSI circuits under dcvclopn~cnt  for ACE,8 the required power would bc S 12 strips x 20 IUW = 10 W. If the multi-strip
dcviccs  in S1S were to bc rcplaccd  by pixclatcd  dcviccs of the design dcscribcd  here, wc csiinlatc  that tlic required power for the
tra.jcctory systcm could bc rcduccd to S 12 strips x 5 n]W + 4 x 40 mW = 2.7 W.

6. SUMMARY

in summary, the intcrdigitatcd  pixel dctcc[or described here promises to provide both two dimensional position resolution
and cxccllcnt  energy rcsohrtion  with significantly rcduccd  chxtronic  complexity, with potential applications in future space
instruments that study cncrgctic nuclei in a varic[y  of environments. This dcvi~ nlay also have applications in other areas of
astrophysics, and in nuclear and high energy physics.
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